Human papillomavirus type 18 (HPV18) and HPV45 account for approximately 20% of all cervix cancers. We show that HPV18, HPV45, and the recently discovered HPV97 comprise a clade sharing a most recent common ancestor within HPV ␣7 species. Variant lineages of these HPV types were classified by sequence analysis of the upstream regulatory region/E6 region among cervical samples from a populationbased study in Costa Rica, and 27 representative genomes from each major variant lineage were sequenced. Nucleotide variation within HPV18 and HPV45 was 3.82% and 2.39%, respectively, and amino acid variation was 4.73% and 2.87%, respectively. Only 18 nucleotide variations, of which 10 were nonsynonymous, were identified among three HPV97 genomes. Full-genome comparisons revealed maximal diversity between HPV18 African and non-African variants (2.6% dissimilarity), whereas HPV18 Asian-American [E1 (AA)] and European (E2) variants were closely related (less than 0.5% dissimilarity); HPV45 genomes had a maximal difference of 1.6% nucleotides. Papillomaviruses (PVs) are a large family of related viruses with circular double-stranded DNA genomes 8 kb in size. Some PV types cause epithelial hyperplasias ranging from benign exophytic warts to premalignant lesions that can progress to invasive cancer. Among the 61 currently designated alpha human PVs (HPVs), the majority have been isolated from the mucosal surface of the genital or oral region (8, 14) . Of these, a select group have oncogenic potential and are associated with cervical cancer (11). Specifically, HPV type 16 (HPV16) and HPV18 have been identified in approximately two-thirds of cervical cancers, this tumor is the second most common cancer in women, and it is the principal cancer of women in developing countries (5, 24, 25, 30, 37) .
Papillomaviruses (PVs) are a large family of related viruses with circular double-stranded DNA genomes 8 kb in size. Some PV types cause epithelial hyperplasias ranging from benign exophytic warts to premalignant lesions that can progress to invasive cancer. Among the 61 currently designated alpha human PVs (HPVs), the majority have been isolated from the mucosal surface of the genital or oral region (8, 14) . Of these, a select group have oncogenic potential and are associated with cervical cancer (11) . Specifically, HPV type 16 (HPV16) and HPV18 have been identified in approximately two-thirds of cervical cancers, this tumor is the second most common cancer in women, and it is the principal cancer of women in developing countries (5, 24, 25, 30, 37) .
To date, studies of HPV18 variants have identified three lineages corresponding to the continental locations where the viral samples were obtained: European (E), AsianAmerican (AA), and African (Af) (29) . The phylogeny of HPV18 variants is reflective of the migration patterns of Homo sapiens and suggests that HPV18 variant lineages might have diverged through genetic isolation at approximately the same time as Homo sapiens began establishing residence in different continental regions. Previous HPV18 intratypic phylogenetic analyses were limited to partial regions of the genome (3, 7, 29) . Nevertheless, studies also suggest that HPV18 variants are associated with different levels of oncogenic potential and persistence and histological tumor types (1, 6, 35, 36, 46) . HPV45 and HPV97 are the viral types most closely re-lated to HPV18 and taken together form a clade and share a most recent common ancestor (MRCA). HPV97 is a recently described rare type (8, 17) . HPV18 and HPV45 account for approximately 20% of all cervix cancers (25) .
Although HPV45 is a common type found in cervical cancer, its evolutionary history and sequence variability have not been extensively studied. In this report, 27 complete genomes representing the major variant lineages of HPV18, HPV45, and HPV97 were cloned and/or sequenced from clinical samples. Based on full genomes, the intratype/intertype evolutionary trees of HPV18, HPV45, and HPV97 were constructed. By examining the rate ratio of nonsynonymous (d N ) to synonymous (d S ) substitutions per site, diversifying selection acting on each of the eight protein-encoding regions of HPV18, HPV45, and HPV97 was evaluated. In addition, the times of divergence of HPV18/45/97 variants from their MRCA were investigated. These data provide an evolutionary history of this medically important clade of HPVs.
MATERIALS AND METHODS
Clinical specimens and HPV sequencing. Cervicovaginal cells were obtained from women participating in a population-based study of cervical neoplasia in Costa Rica (19) , except for one sample from the Women's Interagency HIV Study (39) . Samples determined to have HPV18, HPV45, and/or HPV97 by MY09/11 PCR and dot blot analyses were further subclassified into intratypic lineages by sequencing the upstream regulatory region (URR) and/or E6 region from PCR products (19, 35, 39) .
Type-specific primer sets were designed based on the prototype sequences to amplify the complete genomes of HPV18, HPV45, and HPV97 isolates in two to three overlapping fragments (8, 9, 41, 42) . Oligonucleotide primer sequences used in this study are available from the authors. Each PCR product was purified (Qiagen gel extraction kit; Qiagen, Valencia, CA) after confirmation of appropriate product size, ligated into the pGEM-T Easy vector (Promega, Madison, WI), and sequenced by the Einstein Sequencing Facility, New York. Subsequent sequencing was performed using primer walking. HPV genome sequences and the NCBI/GenBank accession numbers are listed in Table S1 in the supplemental material.
Phylogenetic analyses and tree construction. The amino acid of each predicted open reading frame (ORF) was aligned using Cluster X (43) . Codon Align (version 1.0) (available from Sinauer Associates) was used to align the nucleotide sequences of each coding region corresponding to the aligned amino acid sequence.
Phylogenetic trees were constructed to assess the evolutionary histories of HPV18, HPV45, and HPV97 variants. MrBayes v3.1.2 (20) was used to generate a tree from the alignment of concatenated amino acid and nucleotide sequences of eight ORFs (E6, E7, E1, E2, E4, E5, L2, and L1). The computer program ModelTest v3.06 (32) was used to identify the best evolutionary model; the identified gamma model was set for among-site rate variation and allowed all substitution rates of aligned sequences to be different. Maximum parsimony (MP) and neighbor joining (NJ) trees were calculated by a heuristic search in PAUP* v4.0b10 (40) . For MP analyses, amino acid and nucleotide sequences were reduced to phylogenetically informative sites. Data were bootstrap resampled 1,000 times. The prototype sequences of HPV39, HPV59, HPV68, HPV70, and HPV85 within genital HPV species ␣7 were obtained from the NCBI/GenBank database (10, 16, 27, 34, 45) . HPV56 (GenBank accession no. X74483) and HPV66 (GenBank accession no. U31794) were selected as the outgroup taxa. Separate Bayesian trees were inferred from nucleotide sequences of "early genes" (E6, E7, E1, E2, and E5), "late genes" (L2 and L1), and the URRs of HPV18 and HPV45 variants.
Positive selection estimation. The nonsynonymous/synonymous rate ratio
is an indicator of natural selection, with ϭ 1 representing neutral variation, Ͻ 1 representing purifying selection, and Ͼ 1 representing diversifying positive selection. Amino acid sites in a protein are expected to be under different selective pressures and have different underlying ratios (50, 51) . Six codon substitution models were used to investigate whether positive selection could be identified within the eight ORFs of HPV18 and HPV45: M0 (oneratio), M1 (neutral), M2 (selection), M3 (discrete), M7 (beta), and M8 (beta and ). These models view the codon as the fundamental unit of evolutionary change and take into account genealogic history when calculating scores. Log likelihood scores evaluate the quality of the fit of the input data to the conditions of the model. In these models, ϭ d N /d S was estimated for separate classes of codons that are assumed to evolve independently of one another. The six models used for the distribution were implemented in the CODEML program in the PAML package (49, 50) . MP within PAUP* v4.0b10 (40) was used for tree reconstruction. Three likelihood ratio tests (LRTs) were performed to assess the influence of positive selection on a particular coding region, which compared M1 with M2, M0 with M3, and M7 with M8. When alternative models (M2, M3, and M8) suggest the presence of sites with Ͼ 1, all three tests taken together are considered evidence of positive selection (28, 50) .
Molecular divergence estimates. A Bayesian Markov chain Monte Carlo (MCMC) method was used to predict the divergence times of HPV18, -45, and -97 by selecting variant genomes representing each intratype variant lineage for analysis (18) . We assumed a general time-reversible model of nucleotide substitution with gamma-distributed rate heterogeneity among sites and a proportion of invariant sites. In addition, we assumed an uncorrected lognormal distribution molecular clock model of rate variation among branches in the tree. A fixed (known) mean substitution rate of HPV genes, 1.95EϪ08 (95% confidence interval, 1.32EϪ08 to 2.47EϪ08) substitutions per site per year, was set for the times to the MRCA of variants of HPV18, HPV45, and HPV97 based on previous work (33) . In addition, models using different rates of substitution of each ORF over time were also used (33): 1.84EϪ08 (95% confidence interval, 1.27EϪ08 to 2.35EϪ08) substitutions per site per year for the L1 ORF, 2.13EϪ08 (95% confidence interval, 1.46EϪ08 to 2.76EϪ08) for the L2 ORF, 1.76EϪ08 (95% confidence interval, 1.20EϪ08 to 2.31EϪ08) for the E1 ORF, 2.11EϪ08 (95% confidence interval, 1.52EϪ08 to 2.81EϪ08) for the E2 ORF, 2.39EϪ08 (95% confidence interval, 1.70EϪ08 to 3.26EϪ08) for the E6 ORF, and 1.44EϪ08 (95% confidence interval, 0.97EϪ08 to 2.00EϪ08) for the E7 ORF. The MCMC analysis was run for 10,000,000 steps. Calculations were performed in BEAST v1.4.7 (15) . Results were displayed using Tracer v1.4 (A. Rambaut and A. J. Drummond, 2007 [http://beast.bio.ed.ac.uk/Tracer]).
RESULTS
Sequence variation of the complete genomes of HPV18, HPV45, and HPV97. HPV18 (n ϭ 299) and HPV45 (n ϭ 207) genomes were initially classified based on sequence analysis of the URRs/E6 regions. Since HPV97 was detected in only two samples, both were selected for sequencing. The URR/E6 region sequences were aligned, and trees were generated. To study the extent of intratypic diversity and evolution among closely related HPV genomes, samples containing HPV18 and HPV45 from each clade of the URR/E6 tree were selected for complete genome analyses (data not shown).
A summary of nucleotide and amino acid sequence variation throughout the genomes of HPV18, HPV45, and HPV97 is shown in Fig. 1 to 5. Measures of variability for each ORF, noncoding region, and complete genomes of HPV18 and HPV45 are shown in Fig. 6 and 7, respectively. An insertion/ deletion (indel) was considered as a single event irrespective of the number of nucleotides disrupted. Of 7,857 and 7,858 nucleotide positions in HPV18 and HPV45, 295 (3.82%) and 186 (2.39%) were variable, respectively (P Ͻ 0.01, 2 ). Within the 2,476 amino acids (aa) comprising eight ORFs of HPV18 and HPV45, 117 (4.73%) and 71 (2.87%) positions were also variable, respectively (P Ͻ 0.01) ( Fig. 6 and 7 ). The noncoding regions between E2 and E5 and between E5 and L2 were the most variable, followed by the URR. The absolute ratio of nonsynonymous to synonymous changes was over 1.0 in the E4, E5, and L1 ORFs among HPV18 genomes and the E6, E7, E2, E4, and E5 ORFs among HPV45 variants. This ratio is different than the d N /d S rate ratio, which adjusts for numbers of possible changes (9, 50) . The HPV18 L1 ORF had over twice as many nonsynonymous changes (28, 4.93%) as did HPV45 L1 (10, 1.86%) (P Ͻ 0.01) and HPV16 L1 (12, 2.26%) (P ϭ 0.02) (9) . However, HPV18 and HPV16 genomes had similar amino acid substitution rates within the E1 ORF (2.89% and 3.24%, respectively), indicating that the changes in L1 do not represent global genomic differences, while the HPV45 E1 was highly conserved (amino acid substitution rate, 0.77%). Three HPV97 genomes were analyzed and revealed only 18 nucleotide variations, of which 10 are nonsynonymous (Fig. 5) (8, 17) . Indel events were rare. Within HPV18 genomes, three different indel events were detected within E2/E4 (6 bp), noncoding region 1 (NCR1 is the region between the stop codon of the E2 ORF and the start codon of the E5 ORF) (19 to 20 bp), and the URR (7 bp) (Fig. 1) . Within HPV45 genomes, indel events were detected within the L1 ORF (9 bp) and the noncoding region 2 (NCR2 is the region between the stop codon of the E5 ORF and the start codon of the L2 ORF) (8 bp) and a single base indel was detected within the URR (Fig. 3) .
Phylogeny of HPV18, HPV45, and HPV97 variants. Multiple algorithms including Bayesian, MP, and NJ were used to predict the relationships of HPV18, HPV45, and HPV97 within HPV species ␣7. Phylogenetic trees generated from complete genome sequences of these viruses confirmed that HPV18, HPV45, and HPV97 form a strongly supported clade distinct from the other types within the ␣7 species (Fig. 8) (8) . This implies that they share an MRCA.
Phylogenetic analyses of HPV18 Af and non-Af isolates based on complete genomes and the L1 ORFs indicated maximal sequence diversities of 2.6% and 1.8%, respectively (Fig.  9a) . The previously termed E (E2) and AA (E1) variants formed two closely related clades that are 0.8% dissimilar to each other. Although the E2 sublineage variant differs from the E1 (AA) sublineage variants at 37 positions across the genome (e.g., nucleotides A976G, A1012T, T1353A, and C3630G), 19 of these sites distinguish the E2 variants into two groups: Qv02876/Qv17955 and Qv15957/Qv15586/Qv21751 (e.g., T1843G and A2701C), differing by 0.5% between their genomes (Fig. 1) . Qv16306 [an HPV18 E1 (AA) variant] is the most basal E1 (AA) variant and could be considered a "bridge variant" between the E1 and E2 sublineages; this variant shares 9 of 34 (26.5%) nucleotide changes found in E2 but not E1 sublineages (underlined in Fig. 1) . Similarly, the HPV18 Af variant Qv17199 is found basally in the Af lineage. Its genome shows 0.8 to 0.9% nucleotide sequence dissimilarity to that of other Af variants; this difference is equivalent to that calculated between HPV18 E2 and E1 sublineages (0.5 to 0.8%); thus, Qv17199 constitutes the Af2 sublineage. However, when the L1 genes were compared, the variant Qv17199 showed only 0.4 to 0.6% difference in nucleotide sequence from other Af variants (Fig. 9a) . This suggests that complete genome analyses reveal more genomic diversity within the HPV18 Af lineage, of which there appear to be two sublineages (Af1 and Af2). In summary, these data support the empirical classification of HPV18 into two lineages that are further divided into sublineages.
Two deeply separated lineages of HPV45 variants were identified from genome comparisons and phylogenetic analyses, arbitrarily termed A and B. They are ϳ1.6% dissimilar to each other and contain two sublineages. The A1 sublineage is 0.8 to 0.9% dissimilar to the A2 sublineage; the B1 sublineage is 0.7 to 0.9% dissimilar to the B2 sublineage. The HPV45 prototype is clustered into the A1 sublineage. Since all HPV45 variants were sampled from admixed Hispanic females in Costa Rica, it was not possible to define the geographic origins of HPV45 lineages from this data set. All three HPV97 variants clustered together with only 18 of 7,843 (0.2% difference) nucleotides changed across the complete genome (Fig. 5 and 8b) .
Lineage fixation among different regions of HPV18 and HPV45. Nucleotide variations in PV genomes and other rarely recombining genomes are fixed within lineages akin to linkage disequilibrium in organisms with recombining genomes known as haplotypes. Among the 295 and 186 variable nucleotide positions identified within the HPV18 and HPV45 genomes, 109 and 50 were lineage specific, respectively ( Fig. 1 and 3 , highlighted in gray). For instance, HPV18 E6 nucleotide changes T251C, G266A, G374A, C491A, and A548G were specific to the Af lineage, while HPV45 E1 nucleotide changes T1231G, T1456G, and G1477A differentiate the A lineage of HPV45 from the B lineage. Since HPV genomic recombination is very rare, if it occurs at all among HPVs, sequence changes in one region (e.g., E6) are highly correlated with and inseparable from changes in other regions (e.g., E1) within genomes from the same lineages, as revealed in previous analyses of HPV16 complete genomes (9) . Lineage fixation of correlated genetic changes was observed throughout all regions of HPV18 and HPV45 variant genomes. For example, amino acid changes in HPV18 at E6 aa 129; E7 aa 2; and E1 aa 115, 155, 186, and 438 and 29 additional positions in the E2, E4, E5, L2, and L1 ORFs all segregated together, representing ancestral changes between the Af and non-Af taxa of HPV18 (Fig. 2) . Fixed changes in HPV45 at E1 aa 106, 181, 562, and 627 and E2 aa 9, 44, 68, 147, and 171 and eight additional variations in the E4, L2, and L1 ORFs also represent ancestral changes between HPV45 A and B lineages (Fig. 4) .
Molecular clock predictions of genital HPV ␣7 species. To calculate the approximate divergence times of HPV18, HPV45, and HPV97 variant lineages from their MRCAs, a Bayesian MCMC method was employed. Based on nucleotide sequence alignments of E6, E7, E1, E2, L2, and L1 ORFs, variants representing the main lineages were selected for analyses. As shown in Fig. 10 (top dendrogram) using the combined ORFs, HPV18, HPV45, and HPV97 shared an MRCA that evolved from a common ancestor with HPV59 around 14.6 million years (Myr) ago (95% highest posterior density [HPD], 8.7 to 23.4 Myr). This period of time overlaps the timing of the appearance of the common ancestor of the great ape species (2) . Approximately 7.7 Myr ago (95% HPD, 4.5 to 10.5), the HPV18/45/97 MRCA began to diverge into distinct types; the HPV18 lineage diverged first, followed by the HPV45 and HPV97 lineages (Ϸ5.7 Myr; 95% HPD, 3.1 to 7.8). This time period encompasses the era when the great ape species diverged. Variants within the HPV18, HPV45, and HPV97 lineages diverged from their common ancestors within the last million years (Ͻ0.7 Myr), which corresponds to a period of time when several genus Homo species including H. sapiens diverged and migrated across the globe. When the evolutionary rate was assumed to be fixed and equal within all HPV genes (data not shown), the L1 ORF identified the earliest divergence time of HPV18, HPV45, and HPV97 splitting from their common ancestor (Ϸ11.8 Myr ago). Analysis using the L2 ORF indicated a slightly later emergence (Ϸ10.4 Myr). However, analysis of early genes, particularly E1 and E2, indicated that these three types separated from their MRCA more recently (E6 gene, Ϸ10.4 Myr; E7 gene, Ϸ6.8 Myr; E2 gene, Ϸ6.7 Myr; E1 gene, Ϸ6.0 Myr). The result clearly reveals different evolutionary patterns and/or rates specific to each ORF.
Natural selection among different genes of HPV18, HPV45, and HPV97. To determine whether positive selection has been a force in the evolution of HPV18, HPV45, and HPV97 variants, nonsynonymous/synonymous rate ratios ( ϭ d N /d S ) were estimated. The likelihood analyses, including parameter esti-FIG. 8. Intertypic and intratypic relationships of HPV18, HPV45, and HPV97 variants. Using a Bayesian MCMC method, phylogenetic trees were constructed based on concatenated amino acids and nucleotide sequences of eight ORFs (E6, E7, E1, E2, E4, E5, L2, and L1). (a) Phylogenetic relationships of HPV18, HPV45, and HPV97 within the genital PV ␣7 species. (b) Intratypic relationships of HPV18, HPV45, and HPV97 variants. HPV18 Af and non-Af variants formed two closely related clades/sublineages, arbitrarily termed Af1 and Af2 and termed E1 (AA) and E2, respectively. Phylogenetic evidence identified two deeply separated lineages of HPV45 variants, arbitrarily termed A and B, both of which contain two intratypic sublineages (A1 and A2 and B1 and B2). No lineage was determined for HPV97 variants. The bar indicates percent variation per unit length. The reference sequences of the ␣7 HPV types used are listed in Table S1 in the supplemental material, with the NCBI/GenBank database accession numbers indicated in parentheses: HPV97_624 (EF436229), HPV39 (NC_001535), HPV59 (NC_001635), HPV68 (DQ080079), HPV70 (NC_001711), and HPV85 (NC_004762). mates for different models, are shown in Tables S1 to S3 in the supplemental material. For each ORF, six models employing different assumptions about selection () were used, and the model with the largest log likelihood value was used as the "best" model. In essentially all ORFs, the M3 (discrete) model was optimal. The d N /d S ratio () is an average over all sites in an ORF. For instance, the HPV18 E5 ORF had the largest average, ϭ 1.9 by M3, with about 3.7% of sites under diversifying/Darwinian selection with ϭ 36.7. The most statistically significant site in HPV18 E5 was identified as aa 72L (see Table S1a in the supplemental material). Similarly, using M3 for the HPV45 E6 ORF, the average d N /d S ratio was 0.7. The majority (98.5%) of sites were under purifying selection with ϭ Ͻ1, but 1.5% of sites were under positive selection with ϭ 22.2, driven by HPV45 E6 aa 21L (see Table S2a in the supplemental material). The HPV45 L1 ORF had a site (L1 aa 383S) detected to be under diversifying selection with ϭ 11.3 by the M3 model. Although these sites above were potentially under positive selection, they did not meet criteria for positive selection using the LRT as suggested by Yang et al. (50, 51 ) (see Tables S1b  and S2b in the supplemental material). The HPV18 E4 ( ϭ 1.7) and E5 ( ϭ 1.9) ORFs and the HPV45 E4 ORF ( ϭ 1.6) had the highest average d N /d S ratios, suggesting that these genes, as whole units, may be evolving under positive Darwinian selection (Fig. 11) . When HPV18, HPV45, and HPV97 were considered as an "evolutionary unit," the E4 gene also had an average d N /d S ratio slightly greater than 1 ( ϭ 1.1) (see Table S3 in the supplemental material); however, no specific amino acid site was identified to be under positive selection using the LRT (Fig. 6) .
Relationship of HPV18 and HPV45 variants. It has been suggested based on URR sequence analyses that HPV45 is most closely related to the HPV18 Af lineage (29) . To assess the relationships of HPV45 to HPV18 Af and non-Af variants, different Bayesian trees inferred from the nucleotide sequence alignments of early genes (E6, E7, E1, E2, and E5), late genes (L2 and L1), and the URR were constructed (Fig. 12) . Within a 793-bp fragment of the URR (indel considered as a single event), 213 variant positions (26.9%) were detected among HPV18 and HPV45 isolates. The HPV18 Af variants showed 12 nucleotide changes identical to the HPV45 variants, whereas the HPV18 non-Af variants showed two nucleotide changes shared with the HPV45 variants. Similarly, the tree topology inferred from the URR sequences indicated a phylogenetic root of HPV18 and HPV45 in Africa. However, among 848 (19.8%) and 699 (23.4%) nucleotide variations identified within the early genes and the late genes, respectively, the HPV18 Af variants showed fewer nucleotide changes identical to HPV45 than did the HPV18 non-Af variants (early genes, 20 versus 28; late genes, 19 versus 23). Thus, the phylogenetic root of the HPV45 variant cluster was determined to be closer to the HPV18 non-Af origins in both "early gene" and "late gene" trees. Taken together, these analyses do not support an emergence of HPV45 from the HPV18 Af variant MRCA but suggest a more ancient origin, consistent with the molecular clock data. These results also indicate the need to consider the full viral genome sequence when assessing evolutionary history.
DISCUSSION
Evolution and divergence of HPV18, HPV45, and HPV97 coevolving with Homo sapiens. These data suggest that HPV18/ 45/97 have expanded relatively recently with the divergence of Homo sapiens and the subsequent population growth. Since recombinant genomes of HPV have not been identified even after thorough and extensive characterization in humans, the evolution of HPV types is thought to be vertical; nevertheless, recombination events cannot be excluded. Although details are controversial among paleontologists, a widely accepted viewpoint regarding human evolution and global migration contends that H. sapiens evolved in Africa about 200,000 years ago, spreading from there into southern Asia and Australia from 80,000 to 60,000 years ago, replacing earlier genus Homo species, and thereafter reaching northern Asia (55,000 to 45,000 years ago) and Europe (35,000 years ago) (4, 13, 21, 22) .
Based on the combination of six HPV genes (E6, E7, E1, E2, L2, and L1 ORFs), the MRCA of present-day HPV18, HPV45, and HPV97 viruses most likely appeared approximately 14.6 Myr ago, the time at which a variety of great ape common ancestors began to emerge (Fig. 10) . It is also the time that most HPV ␣7 species types separated from their common ancestor. The HPV18, HPV45, and HPV97 group are more closely related to each other than to other ␣7 species types and subsequently diverged from their MRCA 7.7 Myr ago. Interestingly, when the evolutionary rate was fixed across all genes, the late genes showed earlier divergent times of HPV18/45/97 splitting from their common ancestor than did the early genes (i.e., L1 Ͼ L2 Ϸ E6 Ͼ E7 Ϸ E2 Ͼ E1). Given a lack of ORF recombination between HPV genomes, all ORFs should show similar divergence times if evolutionary pressures are equivalent across the PV genome. Differences in estimates of divergence times for different genes thus indicate different evolutionary rates and/or selective pressures across distinct HPV regions. In addition, intratypic variants of these types also diverged, at least in part, through genetic drift when human groups migrated to various geographical regions. Speciation of HPV18 and HPV45 occurred substantially before the development of intratype heterogeneity.
Evolutionary selection within HPV18 and HPV45 genes. The average d N /d S rate ratios of the HPV18 E4 and E5 ORFs, the HPV45 E4 ORF, and the HPV18/45/97 E4 ORF were greater than 1, suggesting that these genes are under positive selection pressure. However, no specific sites were identified using the LRT (Fig. 6) . The low overall nonsynonymous/synonymous substitution rate ratios (i.e., Ͻ1) observed in HPVs suggest that HPVs are under strong purifying selective pressure. Moreover, the low rate of change can also be attributed to the fact that PVs use the host cell DNA replication machinery, characterized by high fidelity, proofreading capacity, and postreplication repair mechanisms. In addition, many core functions of HPV-encoded proteins are required for the vegetative viral life cycle. These functions (e.g., viral capsid structure) result in purifying selection limiting the actual number of possible evolutionary events. Nevertheless, it is possible that other modes of genome evolution are in action such as codon usage or noncoding changes that were not measured in the current analyses.
Previous reports have observed six codon sites that are Twelve amino acid variations (2.26%) within the HPV16 L1 (9) and 10 (1.86%) within the HPV45 L1 were observed (Fig.  7) . Surprisingly, the L1 protein of HPV18 has at least 28 (4.93%) amino acid variations, over twice as many amino acid changes as HPV16 and HPV45 L1 ORFs. Amino acid alterations of L1 could affect efficiency of infection or alter viral antigenicity. Although amino acid variations within the HPV16 L1 capsid proteins contain cross-reacting epitopes (31, 44) , it has also been reported that natural L1 protein mutations can affect virus-like particle assembly in vitro and negatively interfere with immunogenicity in mice (48) . Antigenic diversity related to genomic variation has also been reported for the minor capsid protein L2 (47) . Since the PV capsid structure is fixed, it was not surprising that changes within the HPV18 L1 ORF did not alter the predicted three-dimensional protein structure of the HPV18 L1 model (data not shown) (23) . However, the substantial L1 amino acid variation could affect surface epitopes with the possibility of further changes favoring development of resistance to the current vaccine, which uses virus-like particles produced from a single HPV18 genome.
Classification and phylogeny of HPV18 and HPV45 variants. Although isolates from the same HPV type are referred to as "variants" when their L1 genes contain 1 to 2% nucleotide sequence diversity (14) , this variability tends to differ by ORF due to different evolutionary rates and/or selective pressures. For instance, the HPV16 non-E lineages (Af1, Af2, and AA) differ by 0.3 to 0.9% within their L1 ORF, whereas the total differences increased to 1.1 to 1.5% when whole genomes were used (P Ͻ 0.001) (9) . Similarly, the differences between HPV18 non-Af and Af variants and HPV45 A and B variants increased with the use of sequence data from whole genomes (Fig. 9) . Importantly, the L1 ORF did not represent the full genome diversity. The classification of viral variant lineages should be based on the topology of a phylogeny using maximum sequence information. There appears to be a deep bifurcation of most HPV types ranging from variant differences of Ͻ1% for recently evolved HPV types (e.g., HPV97) to HPV types with differences of Ͼ5% (e.g., HPV68 forming subtypes).
Although conserved variations of HPV45 Af variants based on partial L1 ORF sequences have been described (38) , there are few data on HPV45 variant lineages and their geographic distribution due to small sample sizes and limited sequence information. Based on the data in this report, HPV45 variants were divided into two well-separated lineages, each of which contained two monophyletic sublineages. The HPV45 prototype, initially isolated from a 26-year-old white female, was clustered into the A1 sublineage (26) . Since all HPV45 variants in this work were sampled from admixed Hispanic females in Costa Rica, there was not sufficient information to define the geographic origins of HPV45 lineages. However, HPV characterization in a population from Rwanda revealed that 80% of 10 HPV45 isolates were classified in the B2 sublineage (R. D. Burk, personal communication). Since Rwanda is in east-central Africa, the HPV45 B2 variants might be classified as of "African" origin (Fig. 8) . However, HPV45 isolates from Zambia in southern Africa gave a more complicated picture, FIG. 10 . Dating of phylogenetic nodes. Variants representing each intratype variant lineage of HPV18, HPV45, and HPV97 were used to generate trees based on nucleotide sequence alignments of six ORFs (E6, E7, E1, E2, L2, and L1) and each individual ORF. Branch lengths are proportional to divergence times. Numbers above the nodes are the mean estimated divergence times (in Myr). The bars in gray represent the 95% HPD interval for the divergence times. A Bayesian MCMC method was used to calculate divergence times in the BEAST program v1.4.7 by selecting the uncorrelated lognormal distribution model (15) . The node of the MRCA of HPV18, HPV45, and HPV97 is denoted with a black circle. The ORF used to generate each tree is shown on the left. The number under the ORF is the mutation rate (nucleotide substitutions per site per year, with 95% confidence interval) used to calculate the divergence times (33) . The scale at the bottom is in Myr with the period of hominoid primate emergence shown in gray with broken vertical lines highlighted. Variants representing each intratype variant are HPV18R for E1 (AA), HPV18_Qv15586 for E2, HPV18_Qv04924 for Af, HPV97_Qv28597, HPV97_W15189, HPV45 ref for A1, HPV45_Qv27565 for A2, HPV45_Qv00550 for B1, and HPV45_Qv25000 for B2. with 8/22 (36%) being from the B2 lineage and 10 (46%) being from the A1 lineage (R. D. Burk, personal communication). Thus, both main variant lineages of HPV45 have geographic origins in Africa and suggest that the recent evolution of HPV45 differs from that of HPV16 and HPV18; additional studies are under way to assess the geographic history of HPV45 variants. HPV18, HPV45, and HPV97 comprise a clade sharing an MRCA within HPV ␣7 species. This report describes a large set of PV genomes representing the major variant lineages of HPV18, HPV45, and HPV97. These genomes capture the heterogeneity within a group of ␣7 HPV types responsible for 20% of cervix cancers. In this work, intratypic and intertypic relationships reveal a deep division between variants of HPV18 and HPV45 resulting from historical events of early primate evolution. Lack of evidence for recombination and the low overall nonsynonymous/synonymous substitution rate ratios observed suggest that HPVs are under strong purifying selective pressure. The data indicate that other evolutionary mechanisms not measured may be important for HPV evolution. Using a Bayesian MCMC method, the divergence times of HPV18, HPV45, and HPV97 from their MRCA predicted a timescale strongly supporting virus-host coevolution. Understanding the heterogeneity of present-day PVs can serve as a model for monophyletic evolution of double-stranded DNA viral genomes over long periods of time.
